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Available online 22 May 2014Cytokinin oxidase/dehydrogenase (CKX; EC.1.5.99.12) regulates cytokinin (CK) level in plants
andplays an essential role inCK regulatoryprocesses.CKXproteins are encoded bya small gene
family with a varying number of members in different plants. In spite of their physiological
importance, systematic analyses of SiCKX genes in foxtailmillet have not yet been examined. In
this paper, we report the genome wide isolation and characterization of SiCKXs using
bioinformatic methods. A total of 11 members of the family were identified in the foxtail millet
genome. SiCKX genes were distributed in seven chromosomes (chromosome 1, 3, 4, 5, 6, 7, and
11). The coding sequences of all the SiCKX genes were disrupted by introns, with numbers
varying from one to four. These genes expanded in the genome mainly due to segmental
duplication events.Multiple alignment andmotif display results showed that all SiCKXproteins
share FAD- and CK-binding domains. Putative cis-elements involved in Ca2+-response, abiotic
stress response, light and circadian rhythm regulation, disease resistance and seed develop-
ment were present in the promoters of SiCKX genes. Expression data mining suggested that
SiCKX genes have diverse expression patterns. Real-time PCR analysis indicated that all 11
SiCKX genes were up-regulated in embryos under 6-BA treatment, and some were NaCl or PEG
inducible. Collectively, these results provide molecular insights into CKX research in plants.
© 2014 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. All rights reserved.Keywords:
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Real-time PCR analysis1. Introduction
The plant hormone group known as cytokinins (CKs) play a
significant role not only in the regulation of proliferation and).
cience Society of China a
ina and Institute of Cropdifferentiation of plant cells, but also control various aspects of
plant growth and development, such as leaf senescence, lateral
bud growth, shoot or root branching, photosynthesis, seed
germination, transduction of nutritional signals, chloroplastnd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. All rights
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N6-substituted adenine derivatives that generally contain an
isoprenoid or aromatic side-chain. The fine-tuning of hormone
levels in individual cells must be under proper control by
biosynthetic and metabolic enzymes [7]. It was reported that
homeostasis of CK concentration in cells is regulated by the
rates of biosynthesis and degradation [2]. CK synthesis in plants
is catalyzed by the enzyme isopentenyltransferase via the
methylerythritol phosphate and mevalonate pathways [8–10].
Irreversible degradation of CKs and their derivatives is catalyzed
by CKXs, which are encoded in plants by a small gene family
[11].
The CKX enzyme degrades CKs by cleaving theN6-substituted
side chain to produce adenine and unsaturated aldehyde
3-methyl-2-butenal [12,13]. CKX enzyme is a flavoenzyme,
containing flavin adenosine dinucleotide (FAD) bound domain,
and catalyzes degradation of CKs with molecular oxygen as the
oxidant or with other electron acceptors in a dehydrogenase
reaction [14,15]. The CKX enzyme was reported to be an
important regulatory factor regulating local CK contents and to
contribute to the control of CK-dependent processes [16].
CKX activity was first discovered in crude extracts from
tobacco plants [17]. Subsequently, a number of CKX genes
were cloned and identified in different plants, including
maize [18,19], Arabidopsis thaliana [5,20], Dendrobium orchid
[21], Hordeum vulgare [22], Oryza sativa [23], Populus trichocarpa
[24], Pisum sativum [25], Brassica rapa [26], Triticum aestivum
[27–31] and Glycine max [32]. Although the similarity of the
entire protein sequences is not very high among different
plant species, these CKX proteins have FAD- and CK-binding
domains, located at the N and C termini, respectively [31].
These conserved motifs are thought to be related by CKX
enzymatic activity [33].
In order to understand their biological functions in plant
growth and development, CKX genes have been studied
extensively. In developing maize kernels, CKX activity is
much higher after pollination, and correlated with the
increased CK levels [34]. Transgenic CKX tobacco plants
displayed stunted shoots and enlarged root meristems with
more branched roots compared to the wild-type [5]. In
Arabidopsis, ckx3/ckx5 double mutants have higher endoge-
nous CK levels, and the mutants have larger flowers, more
siliques, more flower primordia, and more seeds; the total
seed yield of these mutants was increased by 55%, compared
to the wild-type [35]. Furthermore, different Arabidopsis CKX
genes showed different expression patterns, which suggests
that differential expression of CKX gene family members may
play an important role in the control of CK levels [20]. In
barley, reduction in HvCKX1 gene expression led to higher
plant productivity and a greater root mass [36]. Most impor-
tantly, Ashikari et al. characterized a rice yield quantitative
trait locus (QTL), Gn1a or OsCKX2, encoding a CKX protein.
Further analysis of Gn1a showed that natural genetic variants
of OsCKX2 conferred increased grain numbers per panicle.
Reduced expression of OsCKX2 increased the number of
flowers, resulting in enhanced grain yield [23].
Genome-wide analyses of the CKX gene family have been
conducted following the release of full genome sequences in
many plants, There are at least 13 CKX family members in
maize [37], 11 in rice [23], 7 in Arabidopsis [38], 12 in Chinesecabbage (Brassica rapa ssp. pekinensis) [39], 5 in potato [40], 13 in
Brachypodium distachyon [41], 12 in Sorghum bicolor [41], and at
least 4 in Hordeum vulgare [41]. Genome duplication events
[37,39], phylogenetic and comparative genomic analysis [41],
enzymatic properties [40], and biochemical characterization
[38,40] have been studied in this gene family.
Foxtail millet (Setaria italica) was an important foodstuff in
China in the past and continues to be grown in semi-arid areas
[42]. The release of foxtail millet genome information [42,43]
made it possible to identify all the CKX family members in this
species. Mameaux et al. previously performed a genome-wide
search for the members of this family in foxtail millet [41], but
their results lacked a detailed bioinformatic analysis. In this
paper, we also conducted a genome-wide search and identified
11 CKX genes. Their distribution in the genome, evolutionary
expansion pattern, motif characteristics and distribution, evo-
lutionary relationships, presence of cis-elements in the promot-
er regions and expression profiles were also analyzed in detail.
Our bioinformatic analysis will provide useful information for
further functional dissection of CKX genes in plants.2. Materials and methods
2.1. Isolation of CKX genes in foxtail millet
The sequences of 11 rice and 7 Arabidopsis CKX proteins were
downloaded from the TIGR (http://rice.plantbiology.msu.edu/)
and TAIR (http://www.arabidopsis.org/) databases. To obtain all
the CKX genes in foxtail millet, BLASTP searches were conducted
in the Phytozome (http://www.phytozome.net/), and NCBI
(http://www.ncbi.nlm.nih.gov/) databases with the rice and
Arabidopsis CKX proteins as queries. First, we selected the
sequence as a candidate SiCKX protein if it satisfied the query
with E-value <10−10. Redundant sequences were removed. Then,
the Pfam (http://www.sanger.ac.uk/Software/Pfam/) and SMART
(http://smart.embl-heidelberg.de/smart/batch.pl) databaseswere
used to identify the FAD- and CK-binding domains of all the
candidate proteins. Genes that did not contain the FAD- and
CK-binding domains were excluded from further analysis.
2.2. Gene structure analysis of foxtail millet CKX genes
The information for SiCKX genes, including chromosomal
location, open reading frame (ORF) length, and full length
cDNA sequence, were obtained from the foxtail millet sequenc-
ing database (http://www.phytozome.net/). Structures of SiCKX
genes were determined by the GSDS tool (http://gsds.cbi.pku.
edu.cn/) [44].
2.3. Motif display and phylogenetic analysis of CKX proteins
The multiple expectation maximization for the motif elicita-
tion (MEME) utility program [45] was used to display motifs in
SiCKX proteins. A phylogenetic tree was constructed in
ClustalX [46] based on the full sequence of the proteins with
default parameters from Arabidopsis, rice, and foxtail millet
and the tree was constructed by the neighbor-joining (NJ)
method using MEGA4 software [47].
Table 1 – CKX genes identified in Setaria italica and their sequence characteristics.
Gene Chromosomea ORF (bp) Locus name Glycosylationb PL c No. of introns
SiCKX1 1 1614 Si019278m.g 2 CTM 2
SiCKX2 3 1569 Si021761m.g 0 CYT 4
SiCKX3 4 1620 Si008391m.g 2 CTM 2
SiCKX4 5 1569 Si001018m.g 3 NUC 4
SiCKX5 5 1311 Si001500m.g 2 CYT 2
SiCKX6 5 1617 Si000960m.g 1 CTM 4
SiCKX7 5 720 Si004612m.g 5 CTM 4
SiCKX8 5 1569 Si001019m.g 5 CTM 2
SiCKX9 6 1377 Si013710m.g 0 CYT 1
SiCKX10 7 1584 Si012051m.g 2 EXT 3
SiCKX11 11 1572 Si035175m.g 5 VAC 4
CTM: chloroplast thylakoid membrane; CYT: cytoplasm; VAC: vacuole; and NUC nuclear EXT extracellular.
a Chromosome number in which the gene resides.
b Number of glycosylation sites predicted by NetOGlyc (http://www.cbs.dtu.dk/services/NetOGlyc/).
c Localization of SiCKX protein supported by PSORT (http://psort.nibb.ac.jp/).
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To identify cis-elements in the promoter sequences of SiCKX
genes, 2 kb of foxtailmillet genomicDNA sequence upstreamof
the initiation codon (ATG) was downloaded from Phytozome
and PLACE (http://www.dna.affrc.go.jp/PLACE/) was used to
analyze the cis-elements [48].
2.5. Chromosomal localization and gene duplication
Eleven SiCKX genes were mapped on chromosomes by identi-
fying their chromosomal positions in Phytozome. Tandem and
segmental duplications have impacts on gene family amplifi-
cations [49]. Tandem duplications and large-scale block dupli-
cations (segmental duplication)were identified according to the
methods of Wang et al. [49] and Zhang et al. [50]
2.6. Expression profiles of SiCKX genes
The coding sequences of SiCKX genes were used to query the
NCBI EST database (http://www.ncbi.nlm.nih.gov/dbEST/) using
the megablast tool. Parameters were as follows: maximum
identity > 95%, length > 200 bp and E-value < 10−10.
2.7. Expression of SiCKX genes under stress treatments
To understand the expression of SiCKX genes in germinating
embryos under stress seeds of foxtail millet cultivar Yugu 1
imbibed for 12 hwere transferred to Petri dishes fittedwith filter
papers that were soaked in 10 μmol L−1 6-BA, 200 mmol L−1
NaCl, and 20% PEG-6000 and then cultured for 10 h in a growth
chamber at 23 °C. Embryos were separated from endosperms
after the treatment. Water treatment served as the control (CK).3. Results
3.1. The CKX gene family in foxtail millet
After carefully searching the foxtail millet genome, 11
members were defined as SiCKX genes (Table 1). The lengthof CKX ORF in foxtail millet ranged from 720 to 1620 bp. BLAST
analysis against the Pfam and SMART database indicated that
all of them belonged to the SiCKX gene family. The predicted
SiCKX proteins had a typical FAD- and CK-binding domains,
which were specific to CKX family members. The 11 SiCKX
genes were distributed on seven foxtail millet chromosomes:
chromosomes 1, 3, 4, 6, 7, and 11 each contains one gene,
while chromosome 5 contains five genes.
The tool of NetOGlyc (http://www.cbs.dtu.dk/services/
NetOGlyc/) was used to predict the number of glycosylation
sites. SiCKX1, SiCKX3, SiCKX5, and SiCKX10 each contains two
glycosylation sites, SiCKX7, SiCKX8 and SiCKX11 each contains
five glycosylation sites, SiCKX4 contains three sites, SiCKX6
contains one site and SiCKX2 and SiCKX9 contain no glycosyl-
ation sites. Five of the 11 SiCKX proteins showed localization
on the chloroplast thylakoid membrane by a PSORT analysis
(http://psort.nibb.ac.jp/). Of the remaining proteins, SiCKX2,
SiCKX5 and SiCKX9 showed localization in the cytoplasm,
SiCKX4 located in the nuclear, and SiCKX10 and SiCKX11
showed localization in the extracellular and vacuole, respec-
tively (Table 1). The cDNA sequences were compared with the
corresponding genomic DNA sequences to detect the num-
bers and positions of exons and introns within each SiCKX
gene by using the GSDS program (http://gsds.cbi.pku.edu.cn/)
(Fig. 1). The coding sequences of all the SiCKX genes were
disrupted by introns, with numbers varying from one to four.
3.2. Motif analysis and protein architecture
The motif distribution in SiCKX proteins was analyzed based
on the MEME program. Three putative conserved motifs were
identified, each with 50 amino acids. All three were present in
each SiCKX member except SiCKX9; motif 2 appeared twice in
SiCKX8, and SiCKX9 contained only motif 1 and motif 2 (Fig. 2).
3.3. Phylogenetic analysis
In order to uncover the evolutionary relationships among
foxtail millet, rice and Arabidopsis CKXs, the amino acid
sequences of CKX genes were compared by ClustalX. In the
phylogenetic tree constructed by the NJ method (Fig. 3) the
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Fig. 1 – Gene structure of the foxtail millet CKX family. Exons and introns are shown by filled boxes and single lines, respectively.
UTRs are displayed by thick blue lines at both ends. Intron phases 0, 1, and 2 are indicated by numbers 0, 1, and 2.
247T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 2 4 4 – 2 5 4proteins clustered into three major groups (I, II, and III). Group
I contained 22 members (with 8, 9, and 5 members of foxtail
millet, rice, Arabidopsis, respectively) and further divided into
subclusters IA and IB. Group II included 6 members (with 3, 3,
and 1 members of foxtail millet, rice, Arabidopsis, respective-
ly). Group III contained the SiCKX7 gene only.
3.4. Genome duplication of SiCKX genes
Based on phylogenetic results (Fig. 4), four paralogs (SiCKX1/
SiCKX3, SiCKX2/SiCKX4, SiCKX5/SiCKX8, and SiCKX10/SiCKX11),
were identified in SiCKX genes. According to the foxtail millet
genome annotation results, we found one tandemly duplicat-
ed pair, namely SiCKX5/SiCKX8, on chromosome 5. Segmental
duplications might have contributed to the other three
paralogous genes (Fig. 5).
3.5. cis-element analysis
To identify the putative cis-acting regulatory elements, about
2000 bp sequences upstream from the start codonwere isolated.
The cis-elements includedCa2+-responsive, abiotic stress respon-
sive, light and circadian rhythm regulation, disease resistanceSiCKX1
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Fig. 2 – Putative motif distribution in 11 SiCKX proteins. Motif
(http://meme.nbcr.net/meme/).and seed development, such as: ABRERATCAL, ABRELATERD1,
ACGTATERD1, BOXLCOREDCPAL, CARGCW8GAT, CIACADI
ANLELHC, CTRMCAMV35S, DPBFCOREDCDC3, EECCRCAH1,
DOFCOREZM, GT1CONSENSUS, INRNTPSADB, POLASIG2,
RYREPEATGMGY2, RYREPEATLEGUMINBOX, SEBFCONSST
PR10A, SEF4MOTIFGM7S, SP70A, and TATABOX2 (Table 2).
3.6. Expression patterns of the SiCKX gene family
EST data could provide useful information for gene expres-
sion research. There are about 66,051 foxtail millet ESTs in
the NCBI EST database. Thus, EST mining and thr
whole-genome shotgun (WGS) database were employed to
analyze transcript levels of SiCKX genes. The coding se-
quences of SiCKX genes were used to query the EST database
using the megablast tool. Based on tissue and organ types,
the EST data were classified into eight groups (Table 3). The
results indicated that all SiCKX genes had expression data
support. Expression data for all the SiCKX genes were
obtained for seedlings and leaves. The EST number for
SiCKX3 was highest, up to 25. Expression data for SiCKX
genes SiCKX1 and SiCKX10 were checked in eight tissue
types.Motif 2 Motif 3
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Fig. 3 – Phylogenetic tree for foxtailmillet,Arabidopsis and rice CKXproteins. The joint unrooted treewas generated usingMEGA4 by
the neighbor joiningmethod. Bootstrap values from1000 replicateswere indicated at each branch. The protein sequences of rice and
Arabidopsiswere from TIGR (http://rice.plantbiology.msu.edu/) and TAIR (http://www.arabidopsis.org/), respectively. Abbreviations:
Os, Oryza sativa; At, Arabidopsis thaliana; and Si, Setaria italica.
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The relative transcript levels of the SiCKX genes in germinat-
ing embryos under 6-BA, NaCl, and PEG treatments are shown
in Fig. 6. Transcripts of SiCKX1, SiCKX3, SiCKX4, SiCKX5,SiCKX8, SiCKX9, and SiCKX10 were induced by all three
treatments. SiCKX6 and SiCKX7 were up-regulated in embryos
treated with 6-BA and PEG, whereas the expression levels
were unchanged in embryos under NaCl treatment, and
SiCKX2 and SiCKX11 expressions were induced only by 6-BA.
SiCKX1
SiCKX3
SiCKX5
SiCKX8
SiCKX6
SiCKX2
SiCKX4
SiCKX10
SiCKX11
SiCKX9
SiCKX7
100
100
99
85
79
96
79
47
0.2
Fig. 4 – Phylogenetic tree for 11 SiCKX genes in foxtail millet. The joint unrooted tree was generated usingMEGA4 by the neighbor
joining method. Bootstrap values from 1000 replicates were indicated at each branch. Si: Setaria italica.
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Fig. 5 – Chromosomal localization of SiCKX genes. Segmental duplicates, including SiCKX1/SiCKX3, SiCKX2/SiCKX4, and SiCKX10/
SiCKX11, are connected by lines and the tandemly duplicated genes (SiCKX5/SiCKX8) are marked by hollow boxes.
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Table 2 – Twenty-nine putative cis-elements, more than 6 bp, were identified in 11 SiCKX genes in foxtail millet by PLACE.
Gene a b c d e f g h i j k l m n o p q r s t u v w x y z A B C
SiCKX1 1 2 2 3 1 2 1 1 1 2 1 1 1 1 2 1 1 1 1 1 1 1 2 1 1 1 1 1 1
SiCKX2 0 0 0 2 1 1 1 1 1 1 1 1 2 1 2 0 2 1 2 2 2 1 2 1 1 2 0 2 0
SiCKX3 0 0 1 4 2 2 1 2 1 2 1 2 1 1 1 1 1 1 1 1 1 1 0 0 1 0 1 1 1
SiCKX4 0 0 2 3 1 2 0 1 1 3 1 2 1 1 2 1 1 2 1 1 1 1 2 1 1 1 1 1 1
SiCKX5 0 0 1 2 0 3 0 1 0 1 1 2 1 1 2 1 2 2 1 1 1 0 2 1 2 1 1 1 1
SiCKX6 0 1 2 2 0 2 2 2 0 3 0 1 2 1 1 0 1 1 2 1 1 1 1 0 1 2 0 1 0
SiCKX7 1 2 2 2 0 2 1 2 0 2 0 1 2 2 1 0 2 1 2 2 1 2 1 2 1 2 2 1 0
SiCKX8 2 1 3 3 1 2 1 2 2 3 0 1 2 2 2 2 2 1 2 2 2 0 2 0 2 2 0 2 0
SiCKX9 1 2 2 2 0 2 2 0 1 2 1 3 1 2 3 1 2 3 1 2 1 2 0 1 1 1 2 2 2
SiCKX10 1 1 1 1 0 2 0 0 1 3 1 2 1 1 1 1 2 1 2 2 2 1 1 1 1 2 0 2 0
SiCKX11 1 1 0 2 0 2 0 1 1 1 1 1 2 1 3 0 2 3 1 2 2 1 3 0 2 1 0 2 0
Numbers 1, 2, 3… represent the number of repeats of each cis-element whereas 0 indicates absence of the particular cis-element. Letters a, b, c,
… represent cis-elements. a: ABRERATCAL; b: ABRELATERD1; c: ACGTATERD1; d: BOXIINTPATPB; e: BOXLCOREDCPAL; f: CACTFTPPCA1; g:
CARGCW8GAT; h: CIACADIANLELHC; i: CTRMCAMV35S; j: CURECORECR; k: DPBFCOREDCDC3; l: DOFCOREZM; m: EBOXBNNAPA; n: EECCRCAH1;
o: GT1CONSENSUS; p: GT1GMSCAM4; q: GTGANTG10; r: INRNTPSADB; s: MYCCONSENSUSAT; t: NODCON2GM; u: ROOTMOTIFTAPOX1; v:
RYREPEATGMGY2; w: RYREPEATLEGUMINBOX; x: POLASIG2; y: −10PEHVPSBD; z: SEBFCONSSTPR10A; A: SEF4MOTIFGM7S; B: SP70A; C:
TATABOX2.
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In 1971, Pačes et al. described CKX activity in crude tobacco
cell culture extracts [17]. Later, similar activity was found in
maize kernels [51]. Since then many papers have reported
CKX activity from a variety of tissues and species. In recent
years, with whole genome sequencing, the CKX gene family
was thoroughly investigated in many plant species using
comparative genomic approaches. CKX enzymes are encoded
by a multigene family with varying numbers of members in
different plant species [37]. In the present work, we isolated 11
CKX genes from foxtail millet in silico.
cis-elements play essential roles in the regulation of
gene expression by controlling the efficiency of promoters.
Thus research on cis-elements could lay a foundation for
further functional analysis of the SiCKX genes. Among
putative cis-elements, the water-stress responsive element
(ACGTATERD1), light-responsive motifs (−10PEHVPSBD and
BOXIINTPATPB), mesophyll-specific expression element (CACTF
TPPCA1), copper-stress responsive element (CURECORECR),
stem specific expression element (DOFCOREZM), ABA-
responsive element (EBOXBNNAPA), CO2-responsive element
(EECCRCAH1), light-responsive element (GT1CONSENSUS andTable 3 – EST expression analysis of SiCKX genes in different ti
Gene Tissue and organ typ
Embryo Meristem Seedling Root
SiCKX1 + + + +
SiCKX2 + +
SiCKX3 + + + +
SiCKX4 + + +
SiCKX5 + + +
SiCKX6 + + +
SiCKX7 + +
SiCKX8 + + + +
SiCKX9 + +
SiCKX10 + + + +
SiCKX11 + + +INRNTPSADB), salt-responsive element (GT1GMSCAM4), pollen-
specific cis-element (GTGANTG10), cold-responsive element
(MYCCONSENSUSAT), nodule-specific element (NODCON2GM),
and root specific expression element (ROOTMOTIFTAPOX1)were
found in all 11 SiCKX genes (Table 2). Diverse cis-elements in the
promoters of SiCKX genes suggest that CKX proteins are
expressed in different plant tissues. For example, SiCKX1,
SiCKX3, SiCKX4, SiCKX5, SiCKX8, SiCKX9, and SiCKX10 all have
salt-responsive element (GT1GMSCAM4) (Table 2) and their gene
expressions were obviously up-regulated under salt condition
(Fig. 6). Conversely, other genes (SiCKX2, SiCKX6, SiCKX7, and
SiCKX11) were not responsive to salt stress compared to the
control (Fig. 6) probably due to the lack of the salt-responsive
element (Table 2).
Paralogs are genes derived from duplication events within
a genome. Segmental (chromosomal segments) duplication,
tandem duplication (duplications in a tandem pattern), and
transposition events, can result in duplication of gene
families [52]. Duplicate genes provide raw materials for
evolution of new gene functions. Phylogenetic analysis has
been commonly used to identify gene families and predict
their functional orthologs [37,53,54]. However, there is far less
evolutionary information about the CKX gene family in foxtail
millet. To detect the expansion of this family in S. italica in ourssues.
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Fig. 6 – Real-time PCR analysis of SiCKXs transcripts in germinating embryos after treatment with H2O, 10 μmol L−1 6-BA,
200 mmol L−1 NaCl, and 20% PEG-6000 for 10 h. The data are mean ± SE of three biological replicates. Different letters above
the column indicate statistical significance at the 0.05 probability level.
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SiCKX protein sequences (Fig. 4). The phylogenetic tree divided
the SiCKX genes into several distinct groups. Among the 11
proteins, three pairs of paralogous proteins (SiCKX1/SiCKX3,
SiCKX2/SiCKX4, and SiCKX10/SiCKX11) and one tandemly dupli-
cated protein (SiCKX5/SiCKX8) were found, suggesting that
divergence in each protein pair occurred relatively late. Each of
other three SiCKX proteins, including SiCKX 6, SiCKX7, and
SiCKX9, occupied a distinct branch. Furthermore, SiCKX6 was
basal to SiCKX2/SiCKX4. These results suggested that SiCKX6,
SiCKX7, and SiCKX9 may have diverged earlier from the other
SiCKX proteins. Further investigation suggests that both seg-
mental duplication and tandem duplication led to expansion of
CKX gene family in the foxtail millet genome (Fig. 5).
Members of the CKX family in wheat, soybean, cotton,
Arabidopsis, and Zea mays showed tissue-specific expressionpatterns. Wheat TaCKX3 was expressed in embryos, and was
strongly up-regulated by 6-BA [31]. In soybean, GmCKX12 and
GmCKX16 were abundant in leaves, while GmCKX13 and
GmCKX14 were highly expressed in young shoots [32]. GhCKX
transcripts were found in cotton roots, hypocotyls, stems,
leaves, and ovules. The highest expression level was found at
−1 DPA (day post anthesis) ovule [55]. Arabidopsis AtCKX1 had
slightly higher expression in roots while AtCKX2 was better
expressed in shoots [56]. In maize, ZmCKX6, ZmCKX10, and
ZmCKX12 were abundant and constitutively expressed in
roots, shoots, mature leaves, immature ears, and tassels,
whereas ZmCKX2 and ZmCKX3 were preferentially expressed
in young leaves and mature leaves, respectively [37]. In this
study, expression data of all the SiCKX genes were checked in
embryos, seedlings and leaves. Two SiCKX genes, including
SiCKX1 and SiCKX10, were examined in all eight tissues. EST
252 T H E C R O P J O U R N A L 2 ( 2 0 1 4 ) 2 4 4 – 2 5 4numbers of SiCKX9 were the lowest, up to 4 (Table 3). The
above results suggest that some as yet unidentified tissue-
specific factors may affect the expression of CKX genes.
Real-time PCR analysis in this work showed that all 11
SiCKX genes were significantly induced by exogenous 6-BA in
germinating embryos (Fig. 6). This is consistent with other
reports of applying exogenous CKs or 6-BA resulting in
enhancement of CKX expression levels [31,57]. In Fig. 4, four
protein pairs (SiCKX1 and SiCKX3, SiCKX5 and SiCKX8,
SiCKX2 and SiCKX4, and SiCKX10 and SiCKX11) formed
distinct subgroups in the phylogenetic tree, suggesting that
each protein pair may share the same biological function.
However, only four genes (SiCKX1, SiCKX3, SiCKX5, and
SiCKX8) were obviously induced under salt and 20%
PEG-6000 stresses. This finding indicates that SiCKX genes
may have distinct and partially overlapping expression
patterns related to their diverse roles. Further work is
required in order to illuminate the detailed functions of
each CKX gene in abiotic stress.
In summary, 11 foxtail millet CKX genes were identified in
whole genome analysis. The results of SiCKX gene chromo-
somal location, expansion pattern, motif distribution, evolu-
tionary relationship, cis-element analysis in promoter regions,
and expression profiles under various abiotic treatments
provided useful information for CKX research in foxtail millet
and other plants.Acknowledgments
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